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Abstract 
A laser patterning process for the quantification of electrical losses in thin film cells and modules is presented. This work is 
focused on the first and the third laser patterning, P1 and P3 using UV (355 nm), IR (1064 nm) and visible wavelengths (532 nm) 
with pulse duration of a few ns. The change in electrical parameters and dependence of the laser scribing parameters, as film 
removal threshold, number of scribes, overlaps, with different sizes of scribes and metallic contact, have been studied for the 
requirements concerning the electrical characteristics for minimizing the electric losses in the scribe. The investigation is 
primarily carried out in single solar cells. Several optical imaging techniques and monitoring the electrical characteristics in the 
dark and illumination conditions are used to assess the quality of the P3 scribes. Finally, a-Si:H modules are fabricated using the 
optimum combination of P1 and P3 process parameters, with valour’s of efficiency among 5 % 
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1. Introduction
Photovoltaic modules based on thin films structures are a reality and constitutes at present one of the best options for 
low cost and large area applications of photovoltaics. The possibility to reduce the cost of manufacturing, 
developing cells based on thin films of materials, such as amorphous silicon, microcrystalline silicon, etc. which can 
be easier applied to glass or other supporting material (flex substrates) and manufactured with lesser number and 
faster processes at very low cost, makes this technology ideal for low production cost per area. The main difficulty 
with the present thin film cells is their relatively low efficiencies, compared with other technologies as crystalline 
silicon, CIGS or III-V cells, around 17%, 19%, 26% respectively, compare with amorphous-nanocrystalline silicon 
at around 10% [1]. That´s way is necessary optimized the manufacturing parameters, as laser scribe parameters. In 
the industrial manufacturing of the thin films photovoltaic modules, laser scribing plays an important role. Lasers 
are perfect tools for cell isolation and electrical interconnection photovoltaic technologies, due to the high selectivity 
of the interaction process, with minimum debris and limited thermal affection for the material with high speed 
process. When the laser parameter is not optimized, short circuits are generated by tongues, flakes of unremoved 
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layers. These generate poor solar cells performance on production modules due to low efficiency by the shunts in 
form of a degradation parallel-shunt and serial resistance. Therefore, it is necessary to optimize the laser processing 
parameters (laser beam power density, pulse overlap etc...) according to the mechanical and physical properties of 
the different layers 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Schematic structured of the laser scribing process with monolithical series connected for thin films solar module (No scaling) 
 
Thin film cells/modules based on a-Si:H on glass are typically deposited on the superstrate configuration. The front 
electrode in this type of structure is a transparent conductive oxide, TCO (ITO, SnO2, Asahi U-Type (SnO2:F)) 
deposited onto the glass substrate by MOCVD, spray pyrolysis, pulsed laser deposition PLD, MSP, etc… The TCOs 
needs to be very transparent to the solar spectrum, present a very low resistivity and, preferably, posses a rough 
surface. TCOs present an effective coupling of light by refractive index and an efficient light trapping due to the 
scattering of light at the TCO/a-Si:H interface. 
In this thin-film solar technology based in the superstrate configuration, the different laser scribing processes are as 
follows (see figure 1). First, the cells width is initially defined by scribing the TCO so that parallel stripes that are 
electrically isolated are obtained. This process is commonly known as P1 scribe. These scribes are done through the 
glass substrate by backscribing irradiation with IR 1064 nm or UV and IR too, by the side of layers. This cut 
electrically separates the front contacts on individual cells. Next, the different thin films that conform the solar cell 
are deposited, in this case amorphous silicon, comprised a p-i-n structure (p-doped layer, intrinsic layer, n-doped 
layer). The subsequent laser scribe process consists in the removal of the thin film layers with scribes adjacent to the 
previously done P1 scribes and it is known as the P2 scribe. This P2 scribe is normally performed by backscribing 
through the glass substrate. The P2 cut allows the serial electrical connection between individual solar cells with the 
ensuing back contact deposition. Finally, after back contact deposition, a third laser scribe, adjacent to the P2 
scribes, known as P3, through the glass substrates by means of a 532 nm laser as well. P3 defines the solar modules 
and ensure the series connection of the cells. There would be necessary a fourth level laser, P4, which makes edge 
deletion scribe. Therefore, the totally series connection can be realized by 4 patterning laser.  
 
2. Experimental 
2.1. Laser Scribing 
The research carried out has been done at 1064 nm with a diode pumped solid state lasers, Nd:YAG, VectorMark 
Compact of Trumpf with processing speeds until 2.5 m/s, a focal length of 163 mm, repetition rate until 60 kHz (to 
keep up the high speed motion of laser process) and Nd:YVO4 with repetition rate range 15-100 kHz, 15 ns 
pulsewidth with a TEM00 operate mode and an electro-mechanical shutter, Q-Switch, from Spectra-Physics. The 
fundamental frequency is 1064 nm (IR), but the system includes and second harmonic modules. This effectively 
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doubles the frequency to 532 nm (green light). The laser beam is focused on the sample surface with help an optical 
systems comprise three mirrors, two telescope expander which can reduce/increase the size of the spots and a digital 
scanner, for 532 nm wavelengths with focal 250 mm, with working distance of 383 mm produces a typical usable 
square image field of 155x155 mm2 and velocity 1 mm/s until 10 m/s.  Part positioning is assured through 3 axes X, 
Y and Z. XY are driven by linear motors with accuracy around 0.1-5 μm as velocity (until 3 m/s theoretical). The 
working area is 300x300 mm. Z is a vertical axes by rotary motor used to bring the part to the laser focus. For a 
comprehensive study, the laser beam is controlled by means of DG645 digital delay generator that can output 
arbitrary delays from 0 to 2000 seconds with 5 ps resolution and typical RMS jitter of 12 ps. 
2.2. Laser Scribing 
By means of optical microscopy, Olympus PMG3, Olympus SZ-CTV, and DCM3D Confocal laser scanning 
microscope with vertical resolution up to 2 nm (150x objective), its analyzed laser scribes and ablation profile. 
Image processing of SEM and EDX micrographs are included for a better understanding of the morphology and to 
obtain qualitative information about selective-ablation process. AFM measurements were considered with a 
commercial AFM [2] for a deeper study of line scribe wall profile and compare with confocal profile. The electrical 
measurement, as contact resistance and J/V dark and illumination, was measured with a Keithley 2400 sourcemeter 
in the 2-4 probe configuration settings. 
 
 
 
 
 
 
Fig.2. The equivalent circuit model of a real diode. Possible non ideals components (line dash) generated in the 
manufacturing of the thin film photovoltaics cells/modules 
The current-voltage characteristics (J-V) of the solar cells have been measured in dark and under calibrated 100-
mW/cm2 AM1.5G irradiance. The main photovoltaic parameters i.e. short-circuit current density (JSC), open-circuit 
voltage (VOC), fill factor (FF) and efficiency (Ș) has been obtained in the usual way. The dark JV characteristics have 
been numerically fitted to the general diode equation [3]: 
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In equation 1, the first and second term correspond to JD (diode current) and JRsh (leakages currents, Fig.2) and J0 is 
the measured dark current, Js is the saturation current, V is the applied voltage, A the cell area, Rs the series 
resistance, n the diode ideality factor, VT=q/KT and Rsh is the shunt resistance. As we will show, any effect in the 
solar cell dark JV curves after P1 and P3 scribing is primarily assimilated by the Rsh value. Hence, this value will be 
used to assess the effect that the laser scribing process has on the electrical characteristics.  
In Fig. 3 we can see an equivalent electrical circuit with the monolithic contacts, with the “logic” direction current 
(Ź) and shunts or leakage currents generated in the layers by laser scribing processes or the thin films deposition. 
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(Ź). If the P1 scribe don´t separate the individual cells with a high RPIN/Sp1, the current will flow by back contact 
TCO and the sheet resistances will contribute to the electrical losses as consequence of the non complete series 
connection of cells. If otherwise-instead in the P2 process the ohmic contact between front/back contacts broken, 
increase the contact resistance or worsen, the current density decreases. The same situation occurs for P3 scribe. If it 
is not optimized, the efficiency of the cell can decrease due to several factors. Damage made to the back contact 
(RTCO/Sp3 increases), debris formation within the scribe or the generation of local shunts that heavily affects the shunt 
resistance can deteriorate the performance of the solar cell. 
 
 
 
 
 
 
Fig. 3. Sketch of a monolithic interconnection. Current cathode- anode-(Ź) and shunts or leakage currents generates in the 
manufacturing (Ź). Ŷ Back contact, Ŷ P-I-N, Ŷ Front contact
3. Sample Preparation 
a-Si:H thin film solar cells with a p-i-n structure were deposited onto SnO2:F(Asahi-U type)/glass substrate in a 
dual chamber PECVD reactor at 13.56 MHz from the decomposition of silane (SiH4). Tri-methyl boron (B(CH3)3) 
and Phosphine (PH3) were used as the doping gases for the p and n layer respectively. The cell total thickness was 
estimated to be around 400nm. An aluminum back contact was thermally evaporated, limiting the area of the cells 
to 1.1 cm2. Total area efficiency of these cells was between 7-8 %. 
 
 
 
 
 
Fig. 4. Sketch of the silicon thin film cell in superstrate configuration and the back contact patterning process 
(P3). Area of 1.1 cm2 pin cells with metallic back contact aluminum
4. Laser Scribing of solar cells 
The first process studied was the laser ablation of the front TCO electrode (SnO2:F). In order to increase light 
absorption and, therefore, short-circuit currents, the front contact needs to be texturized. This way, reflection losses at 
the TCO/p layer interface are reduced and light scattering and trapping is enhanced thanks to higher internal 
reflections. The TCO used in the present work present a roughness with a root mean square įrms = 50 nm (measured 
in a 12152.7 μm2 area with interferometric DCM3D). This is of the order of the thickness of the p and n layers but 
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only around 10% of the total thickness of the device. In principle, the laser scribing of the TCO should not affect the 
electrical characteristics of the PIN solar cells. Nevertheless, care should be taken when performing those scribes. If 
the P1 scribe is not optimized, the edges of the scribe can be severely affected with burrs or residual flash generating 
sharp peaks easily exceeding the įrms value. The influence in the edges quality of P1 scribes and the influence on the 
fill of absorber structure for different P1 widths, between 10 and 100 μm, were examined. Through the different 
conditions of P1 laser, were studied the isolation and the ablation thresholds for the electrical interconnection. TCO 
layer strongly absorbs these wavelengths, arise different physicals processes (phase transitions, heat conduction, etc.) 
which generate other, as mechanicals, photomechanical and thermal phenomena. For nanoseconds pulse durations 
(15 ns and 100 ns FWHM in our case), the energy deposition or interaction time is enough slowly as there is thermal 
diffusion, is generated thermal balance between the carriers and lattice. If the temperature isn´t enough only 
generated heating without melting and or evaporation, but if is sufficient, can to lead to local thermal strain and the 
ablation occurs (the applied fluence is above the threshold fluence). When produced the ablation with 1064 nm by 
backscribing or film side irradiation, more debris, thermal effects happened and the fluence threshold increases, 
compared with UV line scribing laser technique, because increases the thermal effects. For IR and UV wavelengths, 
the laser radiation is absorbed by free electrons, and in ns regime, a thermal equilibrium is achieved between the 
electron gas and the lattice. However for UV wavelengths the energy transferred into kinetic energy of the ejected 
particles is higher, minimizing then the thermal effects associated with radiation. The radial heat generated by 
absorption of plasma by inverse bremsstrahlung and photoionization of a certain amount of beam intensity increases 
with wavelength. This warming can be transferred to the surface causing overheating and or fusion of material, 
spoiling the quality of scribing. Thus processes with low wavelengths produces less attenuation by absorption of 
plasma and therefore less heating of the workpiece and better energy efficiency (fewer overlap) [4].  
For 1064 nm Irradiation, in backscribing configuration, the substrate is transparent and for the similar ablation 
threshold for film removal, the quality of profile is quite different, as we see in the figure 5. In the case the film side 
irradiation, the shock wave generated by the material ejection could damage the glass substrate (Figure 5). 
 
 
 
 
 
Fig. 5. Confocal micrographs by DCM3D. Left: Backscribing interconnection process P1 with 1064 nm.  Right: TCO 
layer side interconnection process P1 with 1064 nm. The same conditions was employing for backscribing and the 
film side (the focus position was optimized and taken into account in both processes)
Further, the infrared removal thresholds values are one order of magnitude greater that with UV wavelengths 
employing, due to the reduced heat losses. Define threshold fluence as that will result in complete removal or 
ablation of TCO film. 
To determine the ablation threshold, we used a well known model adjusting the lateral dimensions of the damaged 
areas with the laser fluence, [5-7]. Measuring the diameters for single pulse laser ablation at different pulse energies 
and through logarithmic linear regression, we can obtain the beam radius Ȧ0 and the threshold fluence ĭth. It should 
be noted the relative error between ± 20-30 % [8]: 
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Fig. 6. Removal Threshold fluence SnO2:F (Asahi-U) vs. frequency with IR 1064 nm and UV 355 nm 
wavelengths. Ablation threshold depends heavily with laser repetition rate [5]. 
 
Different directions, widths and processing parameters for laser scribes were applied. The defects on the scribes and 
its fluence in the resistance and coating for TCO layer by PECVD of p-i-n structure were confirmed by Confocal and 
AFM measurements for a better understanding of P1 profile wall. The resistance measurements for the areas between 
P1 lasers scribed line with a length rough of 100 mm was in the range MOhm, such IR and UV, getting good levels 
of isolation. 
 
 
 
 
 
 
Fig. 7. P1 profile over SnO2:F by AFM. The angle of Inclination of the wall about 4º, ǻz § 800 nm 
and ǻx § 10 μm. UV 355 nm [2]
 
Complementary electrical measurements on cells was realized for the same deposited conditions, untreated cells and 
treated with P1. The electrical parameters measured shown below: 
 
 
Table 1. J-V curves measured obtained under dark conditions
 
Sample Rsh( ȍ/cm2) RS (ȍ) 
QY4 Treated with P1 7.74·106 32.02 
QY10 Untreated 6.94·106 35.07 
QY5 Treated with P1 8.93·106 20.67 
QY11 Untreated 5.82·106 31.53 
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For evaluation of third interconnection process, several conditions were studied, as overlap, energy density and its 
influence in the shunt resistance of the cells, mainly. Once optimized one P3 line scribing for a cell, reducing to 
minimum the changes on the electrical parameters, we evaluated the dark current behavior with the number of 
interconnection process (P3 scribed parallel each other and perpendicular to the edge cell, see figure 4). The laser 
lines finished on the back contact and by means of delay generator we avoid the influence the inertia of motion 
systems (line scribing is performing at high speeds). This laser patterning simulates the real interconnection process 
on thin films modules and can be evaluated the incubation/accumulative effect realized by the number of P3 into the 
defects or shunts, leakages current on photovoltaics cells. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. J-V curves measured obtained under dark conditions. Sample PF10. Details under reverse bias (V<0) 
With this technique, we can quantify-evaluated the increase of defect density, leakage currents, possible defects 
inducing a broadening of the ohmic contact that results in recombination processes by each line scribing, through of 
evaluating of the shunt resistance  1Mȍ/cm2 (Rsh apposite in the dark conditions for a real p-i-n diode). We also 
evaluated the possible degradation with the time owing P3 line scribe, unchanged. 
 
Table 2. Shunt and series resistance measured obtained under dark conditions 
 
Sample PF10 RSH( ȍ/cm2) Rs (ȍ) 
Untreated 1.89·106 13.91 
8 P3 1.50·106 16.46 
16 P3 1.38·106 15.47 
24 P3 1.38·106 15.47 
24 P3 One month later 1.38·106 15.47 
 
5. Conclusions 
Laser patterning of the front contact and of the back contact/a-Si:H of solar cells and its influence in the 
monolithical series connection have been analyzed. A patterning process that allows the evaluation of shunts and 
defects after the P1 and P3 scribe is proposed by evaluating the increase and decrease in the series and shunt 
resistance. Regarding the first scribing line, P1, it has been observed that the size (width) of the scribe does not 
affect the electrical characteristics of the cells. 
The quality of the P3 scribe is determined by the fluence or energy density and therefore, by the pulse overlap. If the 
P3 scribe is optimized, the electrical characteristics remain practically unchanged after being treated with different 
P3 scribes. In the manufacture of thin film modules, the influence of the P1 and P3 process and the possible defects 
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that can generate are not significant and are probably masked by leakage currents due to other factors such as shunts 
in the PECVD deposited films or during metal back contact deposition for example. 
 
Finally, one submodule of 4 cm2 has been manufactured with preliminary electrical parameters of efficiency 5.01 %, 
FF= 0.46, JSC= 6.61 mA/cm2 and VOC= 1.65 V. 
 
References 
[1]. Martin A. Green, Keith Emery, Yoshihiro Kisikawa, Wilhelm Warta. Progress in Photovoltaics: Research and Applications. Volume 15 Issue 
5, Pages 425-430, DOI 10.1102/pip.781. ©2010 John Wiley & Sons, Ltd. 
[2]. Nanotec Electronica SL, Madrid, www.nanotec.es. Laboratorio de Nuevas Microscopías. Dpto. Física de la Materia Condensada. Facultad de 
Ciencias. Universidad Autónoma de Madrid UAM. 
[3]. Células solares basadas en aleaciones de silicio amorfo y microcristalino. Tesis Doctoral J.Javier Gandía Alabau. Departamento de Física 
Aplicada III (Electricidad y Electrónica). UCM-Ciemat. Madrid 2007. 
[4]. Chang J, Warner B et al. Applied Physics Letters 22 1996; 69(4). 
[5]. C. Molpeceres et al. Material Science and Engineering B 159-160 (2009) 18-22. Doi:10.1016/j.mseb.2008.09.012. © Elsevier B.V 
[6]. J.M. Liu. Optics Letters, Volume 7. No 5. 1982. 0146-9592/82/050196-03 
© 1980, Optical Society of America 
[7]. P.T. Mannion et al. Applied Surface Science 233 (2004) 275-287.  Doi: 10.1016/j.apsusc.2004.03.229 
© 2004 Elsevier B.V. 
[8]. J. Bovatsek et al. Thin Solid Films (2009), doi: 10.1016/j.tsf.2009.10.135 
 
 
300 J.J. Garcı´a-Ballesteros et al. / Physics Procedia 5 (2010) 293–300
